In this work we show an example where specular and off-specular neutron reflectivity can give insight into the structure of solid/liquid interfaces. The presence of nanobubbles and/or a depletion layer at the interface has been long discussed and generated a plethora of controversial scientific results. By means of time of flight neutron reflectometry (NR) and grazing incidence small angle scattering (GISANS), we studied the interface between hydrophobized silicon and heavy water in normal and nigrogen gas enriched state. Our results from the specular reflectivities can be explained without an assumption of a depletion layer and the off-specular measurements show no change with nitrogen super saturated water, which is consistent with the assumption that no nanobubbles are present. We discuss the experiments, in terms of the maximum surface coverage of nanobubbles that could be present on the hydrophobic surface compatible with the limit of sensitivity of NR and GISANS.
Introduction
Neutron reflectivity (NR) is one of the major reciprocal space techniques in the structural characterizations of interfaces down to the nanometer scale [1] . More specifically the investigation of buried interfaces, e.g. solid/liquid interfaces, is mainly done by NR or high energy X-rays as those are rarely accessible by soft X-rays or visible light. Neutrons have a further advantage: their particular suitability for soft matter interfaces as cold and thermal neutrons do not radiation damage organic specimens. Furthermore, isotopic substitution offers a powerful tool for contrast enhancement of low atomic number elements typically involved in soft matter [2] .
Off-specular scattering (OSS), which is typically several orders of magnitude weaker than the specular reflection is not routinely used. This technique has seen most frequent use at synchrotron X-rays sources [1] and in polarized neutron reflectometry [3] . However, recently, the advantage of neutrons in the field of soft condensed matter and the improvements in time-of-flight (TOF) reflectometry have expanded the opportunities to use this technique, due to the higher beam intensities available today [4] . Grazing incident small angle neutron scattering (GISANS) becomes more demanded those days [5] partly due to the unique possibility to use TOF in combination with GISANS to measure depth dependent GISANS patterns in one shot [6] .
The solid/water interface constantly attracts interest of fundamental scientists as it is omnipresent in our daily life especially in biological systems [7] . The push for further miniaturization of technology, especially through self-assembly techniques as well as the importance of interfacial phenomena in biological processes highlight the need for further development of our understanding of the physics in these systems. Results of experiments using a model hydrophobic surface at the solid-water interface have proved particularly controversial as a liquid layer of reduced density was observed sandwiched between the hydrophobic surface and the bulk water [8] . In order to quantify the resulting depletion effects, the depletion distance d 2 [9] was introduced:
where ρ(z) denotes the density of the depleted liquid at a distance z from the interface and ρ bulk represents the bulk liquid density. d 2 reduces the smeared-out density profile of the depletion to a step-like function that represents an equivalent layer of zero density. The results of NR studies on spin-coated deuterated polystyrene (dPS)/D 2 O interfaces showed an apparent depletion distance of d 2 ≈ 2.6Å [10] , however, a retake of this experiment by another group [11] pointed out that this depletion is not observed when the PS film is freshly prepared and was not exposed to air before the measurement. A similar situation is observed when looking over X-ray reflectivity (XRR) results on bulk water in contact with octadecyl-trichlorosilane (OTS) coated substrates [12] where a depletion distance of only d 2 = 1.1Å was observed and where up to half of the contribution may come from the hydrogen termination of the hydrophobic coating which is practically invisible for X-rays [13] . Thus one can summarize, that if care is taken in order to ensure a clean sample, the resulting depletion between water and hydrophobic surfaces, if present at all, is on a sub-molecular scale and may be due to preferred orientation of water molecules at the interface as suggested by molecular dynamics (MD) simulations [12] or evidenced for organic liquids at hydrophobic surfaces [14, 15, 16, 17] . The situation is more complicated if gas-supersaturated water is used as the exceeding gas may condense in form of a nanoscale layer at a hydrophobic interface [18] . These so-called nanobubbles were initially assumed to be the origin of the hydrophobic gap [10] and raised further reflectivity studies exploiting the influence of different gas enrichments on the water depletion with quite controversial results [19, 20] . A further argument of controversy is the fact that theoretical calculations predict the lifetime of nanobubbles to be in the µs range [21, 22, 23] and thus not observable in a laboratory time scale. Therefore the observation of nanobubbles has often been attributed to the invasive effect of the Atomic Force Microscopy (AFM) technique [24, 25] . With the introduction of a well established technique to make nanobubbles in a large quantity in the system [26] , the so-called solvent exchange technique, it became possible to deliberately produce nanobubbles which are stable on the time scale of hours by replacing ethanol by water. Eventually, nanobubbles were observed with noninvasive techniques like infrared spectroscopy [18] and optical microscopy [27] . Due to their size between 100 -10000 nm nanobubbles are ideal candidates for investigations with GISANS and specular as well as off-specular NR which is a reciprocal technique and would give an averaged structural result over the whole surface in contrast to the aforementioned microscopy techniques. Previous GISANS measurements [28] on the interface between dPS and D 2 O were performed on D22 at the Institut Laue-Langevin (ILL) in Grenoble, France but the PS layer was unstable at higher temperatures used to enhance the appearance of nanobubbes. Therefore we decided to use the best established surface to investigate nanoscaled bubbles which is OTS and performed specular and off-specular NR and GISANS on N 2 enriched D 2 O in order to get evidence of a depletion layer or nanobubbles.
Experimental Details
The silanization of the single crystal silicon (100) block (80*50*20 mm 3 , Siltronix, France) was performed according to [29] . The advancing contact angle of Millipore filtered water was 102
• and the receding one 70
• . The specular and off-specular NR measurements, which took 35 min and 10 min, respectively were performed on the FIGARO horizontal sample plane reflectometer at ILL using a wavelength range from 1.7Å to 19Å with a relative resolution of ∆λ λ = 4.2%. The reflectivity was measured at two reflection angles (0.625
• and 3.2 • ) with a relative angular resolution of ∆θ θ = 3.3%. For the GISANS measurements, which were also performed on FIGARO and took 2 h, a wavelength resolution of ∆λ λ = 7.4% was chosen. The vertical and horizontal angular divergence of the neutron beam was ∆θ i = 0.02
• and ∆φ i = 0.1 • . The detector pixel resolution corresponds to an angular spread of ∆θ f = 0.018
• and ∆φ f = 0.15
• . All resolutions are given as Gaussian equivalent full width at half maximum (FWHM). The solid/liquid sample cell contained about 3 ml of liquid and was mounted with the liquid on top of the solid so that macroscopic bubbles would drift away from the interface under consideration. The measurement procedure was as follows: Firstly specular and off-specuar reflectivities were recorded on the OTS/D 2 O interface by using heavy water as received from Sigma-Aldrich, France (99.9 atom % deuteration). Then the water was exchanged by 9 ml of ethanol and after 1 min the ethanol was again exchanged within 100 s by 12 ml D 2 O which was saturated with nitrogen by bubbling it with N 2 for 30 min at a temperature of 5
• C. The sample cell and the ethanol were kept at 45
• C throughout the experiment. Fitting of the reflectivity data was accomplished using co-refinement of a slab model with Motofit [30] .
Results and Discussion
The specular neutron reflectivity (normalized to the Fresnel reflectivity) of the untreated D 2 O/OTS interface and of the gas enriched water are plotted in Fig. 1 together with both models assuming and lacking depletion layers. It is not nec- essary to assume an additional density reduced layer to explain the data. On the contrary, the assumption of an additional density reduced layer sandwiched between the OTS and the water impairs the quality of the fit as can be seen from the χ 2 plot in the inset of Fig. 1(b) where we varied the SLD of a 35Å thick and 5.5Å rough depletion layer as it was assumed in [10] . The maximum depletion distance which does not increase the χ 2 more than 5% is d 2 = 1.9Å. This corresponds to a volume fraction of ∼ 2% which would be the maximum volume fraction of nanobubbles in case of a gaseous state. The assumption of a more pronounced depletion as it was observed in [10] leads to a considerably worse fit as can be seen by the broken line in Fig. 1(a) . In Fig. 2(a) we display the off-specular reflectivity curves for the initial interface (black crosses), the gas enriched water immediately after solvent exchange (green circles) and after 11 h (blue rectangles), respectively. The Yoneda peak appears when the exit angle θ f matches the critical reflection angle of the Si/D 2 O interface. As the Yoneda peak intensity originates from an evanescent wave at the interface its intensity is particularly sensitive for in-plane density fluctuations as it would be the case for nanobubbles. Due to the small in-plane momentum transfers in this kind of detector scans the length scale accessible is 1-10 µm. Thus the absence of any influence on gas saturation on the off-specular intensity in Fig. 2(a) means that no bubbles are introduced on the µm scale.
In order to check for smaller bubbles in the range of 50 nm -400 nm, we performed GISANS, where we should observe a broadening of the reflected peak in the sample plane or even additional peaks in the q y scan. In Fig. 2(b) a line cut in y-direction through the specular peak is shown for several wavelengths. No influence of gas saturation on the width of the reflected peak is observed. Moreover the peak width corresponds well to the direct beam which means that it is resolution limited.
Summary
In summary, we have shown that with a combination of specular and off-specular reflectivity as well as grazing incidence small angle neutron scattering it is possible to cover a large range of momentum transfers perpendicular and parallel to the surface which play a role in the formation of nanobubbles. Nevertheless, we could not find any evidence on the existence of such nanobubbles even though the well-established technique of solvent exchange was carefully applied. From our present study we conclude that the maximum volume fraction of nanobubbles compatible with our data is ∼ 2%. This is much lower than claimed in the cited references and thus we urge the need of surface averaging techniques for further investigations of nanobubbles.
